Figure 2. The Origin of Reverse Gyrase
References for the evolutionary relationships between the different proteins and modules can be found in Confalonieri et al. (1993) , Forterre et al. (1995) , and Duguet (1995) . It is not known whether the reverse gyrase activity predates the fusion event between the helicase and the topoisomerase modules observed in the Sulfolobus enzyme since reverse gyrase with the two modules separated has yet to be discovered. The reverse gyrase from Methanopyrus kandleri is a two subunit enzyme, but the topoisomerase module is split (Krah et al., 1996) , indicating that this unusual structure was most likely produced after the fusion event.
striking is the elucidation of reverse gyrase structure.
does not exclude the possibility that reverse gyrase originated before the appearence of the LCA, but it suggests This unique topoisomerase increases the linking number between the two strands of a topologically closed DNA that hyperthermophiles descended from less thermophilic organisms (either before or after the emergence (for a review see Duguet, 1995) . Reverse gyrase has only been detected so far in organisms with an optimal of the LCA). Recently, it has been shown that eukaryotic type I growth temperature of at least 65ЊC and it is present without exception in all archaea and bacteria thriving at DNA topoisomerase interacts in vivo with helicases involved in DNA recombination (Gangloff et al., 1994 ). This temperatures above 80ЊC. Consistant with the presence of reverse gyrase, plasmids from hyperthermophiles suggests the following scenario: topoisomerases and helicases originated and evolved first independently in have a much higher linking number than plasmids of the same size from mesophilic bacteria and archaea. This a mesophilic or thermophilic (but not hyperthermophilic) DNA world; some of them coevolved, providing a reverse correlation strongly suggests that reverse gyrase is actually essential for life at high temperature. A possible gyrase-like activity; and this activity was later recruited in a thermophile to control its overall DNA topology, hypothesis is that the increase in linking number maintains the biologically significant structural and thermoallowing some of its descendants to invade biotopes at higher temperatures, up to 110ЊC. dynamic parameters of DNA at the same values as in mesophiles.
In addition to reverse gyrase, other putative mechanisms of thermoadaptation have been described in hyThe origin of reverse gyrase activity is thus a central issue in the debate about the nature of hyperthermoperthermophiles. It is now clear that tRNAs are protected against the deleterious effects of heat by specific philes. This question has been somewhat clarified by the analysis of the gene encoding the reverse gyrase nucleoside modifications that increase the melting temperature of the molecules and stabilize their tertiary from Sulfolobus acidocaldarius (Confalonieri et al., 1993) . This has indicated that reverse gyrase is formed structure (Kowalak et al., 1994 , and references therein). Some of these modifications also exist in bacteria and by the association of two very different enzymes, a topoisomerase and a putative helicase. The helicase domain eucarya, but their number and diversity in hyperthermophilic archaea are unprecedented. Furthermore, nubelongs to a huge family of ATP-binding proteins that includes DNA metabolic enzymes, transporters, and cleosides from hyperthermophiles can combine several modifications, providing an additional stabilizing effect. elongation factors, whereas the topoisomerase domain belongs to one of the two known families of type I DNA Considering the critical role of tRNA base modifications in translation and many other biological processes, it is topoisomerases. Accordingly, these two domains could not have been combined to produce a reverse gyrase tempting to consider that they first evolved to stabilize the tRNA structure and to increase the fitness of the activity before the diversification of their respective families ( Figure 2 ; Forterre et al., 1995) . Therefore, if reverse translation apparatus, and have been recruited and combined later for heat-resistance. gyrase is a prerequisite for hyperthermophilic life, the primitive microorganisms in which these diversifications
The formation of unique lipids in hyperthermophiles is also an indication of evolutionary novelty. Many archaea occurred were not hyperthermophiles. This argument and some thermophilic and hyperthermophilic bacteria of the two archaeal kingdoms, the euryarchaeota ( Figure  1A -C). This situation has changed now with the discovpossess giant lipids that can span the entire width of ery (by rRNA PCR amplification) of mesophilic archaea the membrane, forming a lipid monolayer. This requires that branch early in the other archaeal kingdom, the novel enzymatic systems to condense two classical crenoarchaeota (DeLong et al., 1994 , and references diesters or diethers. therein; Figure 1D ). Since these novel archaeal lineages The study of the molecular biology of hyperthermohave long branches compared to their hyperthermophiphiles is just beginning, so it is obvious that more spelic counterparts, they might be derived from hyperthercific mechanisms of thermoadaptation are still to be mophilic ancestors. But the criteria of branch length discovered. For example, the rate of DNA depurination should be taken with caution; rRNA from hypertherand subsequent cleavage at temperatures near the boilmophiles have a higher GC content, and this could have ing point of water is about 1000-fold higher than at 37ЊC, induced structural constraints, slowing down the apparsuggesting that powerful mechanisms for DNA protecent evolutionary rate of these molecules. In bacteria, it tion and repair are present in hyperthermophiles. The is worrisome that the hyperthermophiles Aquifex pyrofirst indications favoring this idea have recently been philus and Thermotoga maritima, which emerge first and described in P. furiosus by Peak et al. (1995) who resecond in the rRNA tree, respectively, are placed in the ported that DNA in P. furiosus cells exposed at 100ЊC middle of other bacterial groups in trees based on RNA is about 20 times more resistant to thermal breakage polymerase sequences (Klenk et al., 1994) . More work than is DNA in E. coli cells incubated at the same temperis thus required to resolve confidently the topology of ature.
both archaeal and bacterial phylogenies and one cannot One cannot easily imagine primitive versions of all the exclude that hyperthermophily had appeared indepenputative heat-resistance mechanisms discovered so far dently in these two domains, as in Figure 1D . in hyperthermophiles. It appears more likely that they Thermophilic Features in Archaea and Bacteria: derived from systems which have first evolved in less Analogs or Homologs? thermophilic or even mesophilic ancestors and have
The issue of a hyperthermophilic LCPA might be best been recruited later for adaptation to extreme temperaaddressed by deciding whether archaeal and bacterial tures.
hyperthermophiles have homologous rather than merely The Phylogenetic Position of Hyperthermophiles:
analogous adaptation to life at high temperature. At this a Controversial Issue stage, it is still difficult in most cases to decide between As previously stated, the idea that hyperthermophiles these two alternatives. For example, the presence of are directly connected to a hot origin of life comes from reverse gyrase in both archaea and bacteria supports the hypothesis that the LCA was a hyperthermophile. If the idea of a hyperthermophilic LCPA, but it remains to hyperthermophiles were instead preceded by less therbe demonstrated that archaeal and bacterial reverse mophilic or even mesophilic ancestors, as in Figure 1B , gyrases are true homologs and to exclude the possibility one needs to explain why the LCA was a hypertherof lateral gene transfer. On the other hand, the mechamophile at all. This is not trivial, and might require exotic nisms of thermoadaptation used by archaeal and bacteexplanations. For example, Gogarten-Boekel et al.
rial lipids argue against a hyperthermophilic LCPA since (1995) imagined that our hot-loving ancestor was the they are clearly analogs (formation of giant lipids) but only organism to survive the devastating collision of a not homologs (they have opposite stereochemistry and meteorite with the early Earth. Miller and Lazcano (1995) different chemistry). In fact, the diversity of lipids found suggested that hyperthermophiles might have outcomin extreme hyperthermophiles from different bacterial peted primitive mesophiles when they adapted to lower lineages (Langworthy and Pond, 1986 ) even suggests temperatures, possibly due to enhanced production of that thermoadaptation occurred independently several heat-shock proteins. On the other hand, are we sure times in bacteria. that the LCA was a hyperthermophile? In fact, this hyWould it be possible to decide between analogy and pothesis is based on phylogenetic data that are controhomology in the case of protein thermoadaptation? The versial, such as the rooting of the tree of life in the first structural analysis of hyperthermophilic proteins are bacterial branch. For example, if the root is in the eukarynow being published. In particular, Yip et al. (1995) have otic branch, as in Figure 1C , it might be that only prokarydescribed the three-dimensional structure of P. furiosus otes descended from a hyperthermophilic ancestor. This glutamate dehydrogenase and emphasized the imporwould nicely explain why all present-day hyperthertance of extensive ion-pair networks. Additional hymophiles are prokaryotes (the upper temperature limit drophobic interactions and subtle conformational modifor eukaryotes being around 60ЊC). For example, the fications are also involved in other examples. Such prokaryotic phenotype itself (high macromolecular turnchanges can easily occur in both directions (hot to cold over, small genome size, coupling between transcription or cold to hot) to adapt proteins to the whole range of and translation) might have originated in the course of temperatures suitable for life. Nevertheless, one can adaptation to hyperthermophily in order to bypass the hope that in some well-studied cases, extensive strucproblem of the instability of macromolecules (especially tural and phylogenetic analyses will help us to choose mRNA) near the boiling point of water (Forterre, 1995) .
between the two alternatives. For example, the strucHowever, it is not even certain at present that archaea tural analysis of the Taq polymerase has recently proand bacteria descended from a hyperthermophilic last vided a well documented case of secondary thermoadcommon prokaryotic ancestor (LCPA). For a long time, aptation in a thermophile. Taq polymerase belongs to the lineages branching first on each side of the root of the subfamily A of DNA polymerases whose prototype the rRNA archaeal tree were exclusively hyperthermois E. coli polymerase I. In contrast to most other polymerases of this family, it lacks a 3Ј to 5Ј exonuclease activity. philes. Furthermore, mesophiles were only known in one Peak, M.J., Robb, F.T., and Peak, J.G. (1995 structural analysis reveal that the 3Ј to 5Ј exonuclease Yip, K.S.P., Stillman, T.J., Britton, K.L., Artymiuk, P.J., Baker, P.J., module is present and structurally conserved in the Taq Sedelnikova, S.E., Engel, P.C., Pasquo, A., Chiaraluce, R., Consalvi, polymerase, even if it cannot be recognized at the pri-V., Scandurra, R., and Rice, D.W. (1995) . Structure 3, 1147 Structure 3, -1158 mary sequence level (Korolev et al., 1995) . Many amino acid changes have occurred in this module that can be related to thermoadaptation, such as the presence of an increasing number of ion pairs and the filling by hydrophobic amino acids of the cavity that normally binds single-stranded DNA. This strongly suggests that the Taq polymerase evolved from a mesophilic ancestor and has lost its exonuclease activity in the thermoadaptation process.
Closing Remarks
The nature of hyperthermophiles and of the LCA are exciting questions that can now be addressed by a combination of experimental work and sound hypotheses. The hypothesis of a hyperthermophilic LCA is taken for granted in many recent papers, but the question is far from resolved and the notion of hyperthermophiles as marvels of adaptation is on the rise. Regardless of the correct scenario, hyperthermophiles have already taught us that life can exist in places that biologists would have predicted to be sterile two decades ago. Since hyperthermophiles might predate the most ancient cyanobacterial-like microfossils that are 3.5 billions years old, they also teach us that life has evolved to the extreme in a very short time.
